Acute kidney injury (AKI) is a critical disease associated with high morbidity and mortality, and may lead to the development of chronic kidney diseases (CKD) \[[@r1]\]. Renal ischemia is known as one of the main causes of AKI in cats as well as in humans \[[@r1], [@r6]\]. Ischemia leads to an imbalance in cellular metabolic supply and demand and causes tissue hypoxia and microvascular dysfunction \[[@r4]\]. The detection of early renal pathophysiological responses to renal ischemia would be useful for the clinical diagnosis of AKI in cats \[[@r6]\].

Urinary excretion of liver-type fatty acid binding protein (L-FABP) is a useful biomarker for the early detection of acute kidney injury (AKI) in humans \[[@r10], [@r15]\]. In humans, L-FABP is expressed in renal proximal tubular epithelial cells, in addition to the liver, pancreas, and small intestine \[[@r1], [@r12]\]. The functions of L-FABP include binding and transporting fatty acids to mitochondria or peroxisomes, where the fatty acids are β-oxidized; and participation in intracellular fatty acid homeostasis \[[@r13]\]. The urinary excretion of L-FABP due to ischemia and oxidative stress on renal tubules precedes the progression of renal damage \[[@r7], [@r8]\]. However, little is known about the pathophysiological role of L-FABP in cats with renal ischemia/reperfusion injury. The aim of this study was to examine changes in urinary excretion and renal localization of L-FABP after renal ischemia in the AKI cat model.

This study was performed in accordance with local animal ethics guidelines and was approved by the Animal Research Committee of Iwate University (accession number: A201432). Three healthy male cats (mixed breed) with body weights ranging from 4.1 to 6.5 kg and ages ranging from 2 to 4 years old were used for generating the AKI models. Prior to this study, all three cats were confirmed to be healthy on the basis of physical examination, along with estimation of complete blood count, biochemical profiles, and urinalysis. AKI models were generated as described in previous studies \[[@r11]\]. The three cats were randomly allocated to receive one of the following three treatments: sham surgery, 40 min of renal ischemia, and 50 min of renal ischemia. Two days before surgery, all cats underwent brief anesthesia for the surgical placement of an indwelling 18-gauge 15-cm catheter (SMAC Plus; Covidien, Shizuoka, Japan) in their right jugular vein.

Cats were subjected to a 12 hr period of fasting prior to surgery. Each cat was premedicated with butorphanol (0.4 mg/kg) and midazolam (0.3 mg/kg) administered *via* intravenous (IV) injections. Anesthesia was induced with propofol (4 mg/kg IV to effect) and maintained with isoflurane in 100% oxygen. Physiological body temperature was maintained with a hot air warming system. Temperature, pulse, respiration, blood pressure, and oxygen saturation (*via* pulse oximetry) were recorded every 10 min during anesthesia. A urethral catheter (3 Fr) was kept in place by a Chinese finger trap suture for intraoperative urine collection. The catheter was removed after the final intraoperative urine collection (at 2 hr after reperfusion). A balanced electrolyte solution (lactated Ringer's solution, 10 m*l*/kg/hr) was administered during surgery. In all cats, lactated Ringer's solution (200 m*l*/head/day) was administered by subcutaneous injection as a single dose every 24 hr after surgery, until the cat began eating and drinking. Antibiotic (cefazolin sodium, 22 mg/kg IV) was administered when anesthesia was induced and after 2 hr of anesthesia; and was continued twice daily for 5 days. Postoperative pain was controlled by IV injections of butorphanol (0.4 mg/kg, every 2 hr) for 24 hr as necessary.

A midline laparotomy was performed in all the cats. Both kidneys were inspected, and the renal arteries and veins were exposed. In cats receiving renal ischemia, a non-traumatic vascular clamp was applied across each renal artery and vein. Clamping of the bilateral renal vessels was confirmed by the visual inspection of stopping an arterial pulse distal to the clamp. A sample for renal biopsy was collected from the right kidney immediately after clamping of the vessels. The vascular clamps were left in place for 40 or 50 min. A second renal biopsy sample was taken from the left kidney just prior to the release of vascular clamps. This was followed by 60 min of reperfusion, after which the arterial clamps were reapplied briefly, and a third renal biopsy sample was taken from the left kidney. Renal hemostasis was ensured after the biopsies, and the abdomen was closed in the routine manner. The sham surgery cat had three renal biopsies taken at the same time points, when vascular clamping was applied for prevention of severe bleeding from a biopsy site (\<3 min, unilateral). Urine was collected before the ischemia, and 60 and 120 min after reperfusion. The cats were kept under observation for 14 days post-surgery. Urine production, appetite, and mental attitude were monitored daily. The concentrations of blood urea nitrogen (BUN), serum creatinine (sCre), and urinary L-FABP in each cat were measured daily for the first 5 days after surgery, and then on days 7 and 14.

Urinary L-FABP concentration was measured using a two-step sandwich enzyme-linked immunosorbent assay (ELISA) (Feline L-FABP ELISA kit; CMIC Holdings, Tokyo, Japan). Documentation provided with the kit indicates that this ELISA method is sensitive within a L-FABP concentration range of 1.9--375 *n*g/m*l*. When the sample contained L-FABP concentration above the upper limit of detection of this kit (\>375 *n*g/m*l*), it was measured after diluting the urine samples with standard diluent solution (0 *n*g/m*l*) included in this kit. Urinary L-FABP levels were normalized relative to urinary creatinine concentration to avoid variations caused by urinary volume and expressed as urinary L-FABP index. Urinary creatinine levels were measured by Folin's method \[[@r2]\].

Paraffin sections of feline kidneys were prepared as described below. Endogenous peroxidase was blocked with 0.3% H~2~O~2~ in methanol. Deparaffinized sections were incubated with 10% goat serum in PBS at room temperature for 1 hr and then with anti-human L-FABP monoclonal antibody (diluted 1:200, clone 2; CMIC Holdings) at room temperature for 1 hr. This was followed by treatment with HRP-labeled polymer-conjugated anti-mouse IgG antibody (EnVision+, peroxidase, rabbit; Dako, Glostrup, Denmark) for 30 min at room temperature. The sections were treated with diaminobenzidine to visualize the antigen-antibody reaction. Finally, the sections were counterstained with hematoxylin and observed under a light microscope.

In this study, we examined whether urinary excretion of L-FABP was increased in renal ischemic conditions in two AKI model cats and a control cat. Vascular clamping of bilateral renal vessels for 40 or 50 min were performed in the two AKI model cats. The control cat was subjected to a sham operation, in which only a midline laparotomy for 50 min was carried out without any vascular clamping of the renal arteries. All cats survived till 14 days post-surgery with no abnormalities, as confirmed by daily physical examinations.

[Figure 1A--C](#fig_001){ref-type="fig"}Fig. 1.Temporal changes in urinary liver-type fatty acid binding protein (L-FABP), serum creatinine (sCre), and blood urea nitrogen (BUN) before and after renal ischemia/reperfusion in feline acute kidney injury (AKI) models. A--C. Urinary L-FABP index. D--F. sCre (line) and BUN (dotted line) values. To generate AKI models in cats, vascular clamping of the bilateral renal arteries for 40 or 50 min was performed in two cats. The remaining (control) cat was subjected to a sham operation, in which only a midline laparotomy was performed for 50 min without vascular clamping. Urine and blood samples were collected daily, starting from 1 day before (day −1) till 7 days (day 1 to 7) after the treatment. A and D, B and E, and C and F show the results for the sham surgery cat, and the AKI model cat with 40 and 50 min of renal ischemia, respectively. Day 0 indicates the day of surgery. Pre, Rep, and Aft indicate sampling points on day 0 immediately before clamping, and 60 and 120 min after the renal reperfusion, respectively. POD denotes post-operative day. Urine samples of the sham surgery cat were collected at the same time points as that for the AKI model cats. show temporal changes in urinary L-FABP levels in each cat. Urinary L-FABP excretions were normalized to urinary Cre (uCre) concentrations to correct for variations due to changes in urine volume. In the sham surgery cat, there was no marked variation in urinary L-FABP indexes before and after the operation ([Fig. 1A](#fig_001){ref-type="fig"}). Urinary L-FABP was below the limit of detection by ELISA except for samples collected at 120 min (L-FABP index, 4.9 *µ*g/g uCre) after laparotomy, and on post-operative day 1 (POD 1, 4.2 *µ*g/g uCre) and 2 (3.8 *µ*g/g uCre). In contrast, transiently high values of urinary L-FABP indexes were observed immediately after renal ischemia/reperfusion in the two AKI model cats. Maximum values of L-FABP indexes were observed in urine samples collected at 60 and 120 min time points after the 40 and 50 min renal ischemia/reperfusion, respectively. The maximum value of L-FABP index was about 10 times higher in the cat subjected to 50 min renal ischemia (1,148.9 *µ*g/g uCre) compared to values in the cat with 40 min renal ischemia (122.1 *µ*g/g uCre). Although urinary L-FABP indexes were markedly reduced on POD 1 in both cats, the cat with 50 min renal ischemia showed relatively high values (82.1 *µ*g/g uCre) on POD 1 and normal values (\<8 *µ*g/g uCre) on POD 2 and beyond. These results suggest that the levels of cellular oxidation products increase in a time-dependent manner with renal ischemia, especially in cases subjected to more than 40 min of renal ischemia.

Temporal changes in sCre and BUN were also examined in each cat before and after the operation. In the sham surgery cat, the postoperative sCre and BUN concentrations showed no variation and were almost within their normal reference ranges by POD 7 ([Fig. 1D](#fig_001){ref-type="fig"}). In the AKI model with 40 min renal ischemia, sCre concentrations increased and peaked on POD 1 (1.8 mg/d*l*), and then decreased to the reference range (1.3 mg/d*l*) by POD 3 ([Fig. 1E](#fig_001){ref-type="fig"}). BUN concentrations increased slightly and peaked on POD 1 (34.6 mg/d*l*) within the normal reference range. In the AKI model with 50 min renal ischemia, sCre concentrations increased and peaked on POD 1 (3.0 mg/d*l*; [Fig. 1F](#fig_001){ref-type="fig"}), and then were recovered to the normal reference range by POD 14 (1.5 mg/d*l*; data not shown) ([Fig. 1F](#fig_001){ref-type="fig"}). BUN concentrations changed in a manner similar to sCre concentrations and showed the maximum value (60 mg/d*l*) on POD 2.

[Figure 2](#fig_002){ref-type="fig"}Fig. 2.Representative immunohistochemical images showing the localization of liver-type fatty acid binding protein (L-FABP) in paraffin-embedded renal sections from the sham surgery and acute kidney injury (AKI) model cats. A. Renal sections of the sham surgery cat immediately after clamping. B and C. Renal sections of the AKI model cats subjected to 50 min of renal ischemia immediately before renal reperfusion (B), and 60 min after renal reperfusion (C) by needle biopsy. Arrows indicate signals from L-FABP localized in the renal tubular lumen. shows representative immunohistochemical images of L-FABP localization in kidneys collected immediately after vascular clamping of the renal vessels; and immediately before, and 60 min after renal ischemia/reperfusion by biopsies in the sham surgery cat and the renal ischemia cat models. L-FABP signal was observed in the cytoplasm of the proximal tubular epithelial cells during and after the operation in the sham surgery cat ([Fig. 2A](#fig_002){ref-type="fig"}). In contrast, L-FABP signals were detected in the proximal tubular lumen immediately before ([Fig. 2B](#fig_002){ref-type="fig"}) and 60 min after ([Fig. 2C](#fig_002){ref-type="fig"}) renal ischemia/reperfusion in the AKI models. There were insignificant differences in L-FABP expression in the kidney of cats subjected to 40 and 50 min ischemia, as observed by microscopy.

In the present study, we examined renal localization and urinary excretion of L-FABP in AKI model cats. A major finding is the increase in urinary L-FABP excretion immediately after renal ischemia/reperfusion with no obvious changes (as observed by light microscopy) in kidney tissues collected from AKI model cats. L-FABP was detected in the renal tubular lumen immediately after renal ischemia/reperfusion in the AKI model cats, but not in the sham surgery cat. L-FABP has a high affinity for long-chain fatty acid oxidation products and therefore, may be an effective endogenous antioxidant in proximal tubular cells. L-FABP binds cytotoxic oxidation products produced in the proximal tubular cells under conditions of ischemia and oxidative stress, and is then secreted from the cells along with the oxidation products \[[@r3], [@r14]\]. This is also supported by a previous report showing that L-FABP mildly inhibits tubulointerstitial damage by reducing tubulointerstitial inflammation in a nephropathy model in transgenic mice with human L-FABP expressed in the kidneys \[[@r9]\]. These results suggest that L-FABP excretion is increased in proximal renal tubules under conditions of ischemia and consequent oxidative stress in cats, but is not always associated with renal structural damage.

Urine L-FABP/Cre ratio might be inaccurate in AKI, where the glomerular filtration rate is significantly decreased. An increase in urinary excretion of N-acetyl-β-glucosaminidase (NAG) and γ-glutamyl transferase (GGT) in renal proximal tubular injury has been reported in dogs with gentamicin-induced nephrotoxicosis \[[@r5]\]. NAG/Cre and GGT/Cre ratios estimated in this study showed significant correlation with urinary NAG and GGT excretion, respectively, in spot urine samples collected till 24 hr. However, 24 hr urine collection in cats is quite difficult in the clinical setting. Therefore, in this study, urine L-FABP/Cre ratio was measured as an alternative to monitoring 24 hr urinary L-FABP excretion.

In conclusion, urinary L-FABP excretion increased immediately after renal ischemia/reperfusion without and obvious structural damage to kidneys in feline AKI model. Our study shows that urinary L-FABP could be useful as a potential biomarker for the early detection of initial pathophysiological responses in feline kidneys.
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